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Abstract 

I present a short overview over W pair production and studies of angular 
differential cross-sections with and without initial state radiation applying semi- 
analytical methods and using the Fortran program GENTLE. The influence of 
anomalous couplings to this process is also discussed. 



^Talk given at Zeuthen Workshop on Loops and Legs in Gauge Theories, 19-24 April 1998, Rheins- 
berg, Germany 



1 Introduction 



Since the formulation of the standard model of clcctroweak interactions [1] , more and 
more precision tests have confirmed its validity. However, for a central part of the the- 
ory, the non-abelian structure of the gauge couplings, we have only poor experimental 
information. With the results of LEP2 [2] and potential future linear colliders [3] the 
situation will change. In processes with W production triple and quartic gauge boson 
vertices appear and may be measured. Of special interest in e'^e~ annihilation is the 
process 

e+e" ^ W^W, (1) 

with contributions from '-/W^W^ and ZW^W^ vertices. 

The current limits for anomalous couplings from combined results of LEP2 and DO 
are [4]: 

(2) 
(3) 
(4) 

where the a's are given by the identities: 

o^Wtp — cwsw^z, (5) 

oiw = yy = — yz, (6) 

Cw 

aB(i> ^ Xj - cwSwSz = -— (xz + • (7) 

Sw ^ ' 

The anomalous parameters 5^, x^, x^, y^^ yz-, and zz are defined by the Lagrangian 
in eq. (18). 

In section 2 I give an overview on W pair production and the studies of the dif- 
ferential cross-sections performed with GENTLE version 2 [5]. I discuss the influence of 
potential anomalous three gauge boson couplings to W pair production in section 3. 
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2 W Pair Production 

The first calculations in the standard model for the process in (1) were done in the 
narrow width approximation [6], e.g. neglecting the finite width of the W bosons. 
At this time it was known, that the decay width Tw of the W will give rise to large 
corrections if the W is much heavier than the proton [7] . As a consequence the finite 
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W width must be considered. This can be done by convoluting the cross-section with 
Breit-Wigner factors [8]: 



j dSip(Si) j clS2p(s2)cro(s, Si,S2) (8) 



with 



p{Si) = -7 {^''^'or^ , ^ X (9) 

where s is the center-of-mass energy squared and B{f) the branching fraction for the 
W decaying in the fermion doublet /. The invariant masses of the decay products of 
the W bosons arc denoted by Si and S2- 

Since the produced W bosons decay almost immediately, the production of 4 
fermions 

e+e- W+W- 4/ (10) 

is observed. Additional diagrams, so called background diagrams, contribute to the 
same final states and should be taken into account, too [9]. The number of contributing 
diagrams depends on the final state fermions. Here, I will concentrate on the CCll class, 
since it includes the scmi-lcptonic final states. These final states are important in the 
measurement of the gauge couplings, because they offer the most complete kinematical 
information. The CCll class is defined by having two different weak doublets and no 
electrons nor neutrinos as final state fermions. Depending on the number of produced 
neutrinos, there are 9, 10, or 11 Feynman diagrams. 

For the CCll class the of (8) can be written as a sum over all interferences and 
combinations of coupling constants. For the differential cross-section one gets: 



-. ^ = o y^Ck- yk{s;si,S2, COS 9) (11) 

dcosfc' ns^ k 

The coefficient functions Ck are rather trivial and contain the coupling constants of the 
particles and the s-channel propagators. The kinematical functions Qk are more com- 
plicated and describe the non-trivial dependencies of s, Si, and S2 and other variables 
like the scattering angle cos 9. To express the total cross-section a smaller set of C and 
Q functions as in eq. (11) is needed, since the parity violating contributions disappear 
after the integration over the scattering angle. 

As a simple example I give the expressions of the C and Q functions for the differ- 
ential cross-section for the square of the t-channel diagram [10]: 

C'^^^^^^pw{si)pw{s2). (12) 
S1S2 
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and 



„ , , A . 9 „ XsiS2 sin^ d 

2s{si + 82) + J sm^ 0+- 



where A is the Kallen-function 

A = A(s, si, S2) = s'^ + sl + sj- 2ssi - 2ss2 - 2siS2, 
and tu is the neutrino propagator 

ti, = ^ (^s — si — S2 — \/A cos 9^ . 



(13) 



(14) 



(15) 



The interferences between signal diagrams and background diagrams are more com- 
phcated and I give only the the kinematical function for the interference between the 
t-channel diagram and the Wi-diagram as an example: 



—1 fScos^ 



A [4 

, sin2 6' 



— {s + si- S2) + 2s£{si; S2, s) 



[2SiS2(s2 - Si) - 6s^S2(Sl + S2)C{Si; S2, s) - 3SS2{S + S2)] 



Sin^6'r/ x9 On SSl 

H \{s - sif - So H 

16 ^ 2 



+ 



SS1S2 



— -ss2jC(si; S2, s)(5ssin^ 9 



with 



+ 4(si + S2)) (3^2 - 2ssi + 4siS2 - 7sl + 30ss2 + 9s^) sin^ 9 

8 

(3^2 — 2sl —S1S2 + 2ssi) 

H — vC(si; S2, s){[AsiS2 + sl + sj- s{si + S2)] sin^^ 

r 9 2/ \i\ Sm , (-2 o 2 

- 4[SiS2 + Si + S2- s{Si + S2)\) H (2SiS2 - OSi + 6S2 

o 

— 14ssi — 3s^) +-{5sls2 — 2sisl — 3sl + 5ssiS2 + 3s^S2)| , 



^/ V 1 S - Si - S2 + ^A 

£(s;si,S2) = — In 



(16) 



(17) 



\/A s — Si — S2 — -\/A 
The remaining coefficient and kinematical functions are presented in [11]. 

To make precise predictions for the cross-section, radiative corrections have to be 
taken into account [12]. To demonstrate the size of initial state radiation (ISR), I 
show in fig. 1 the difference between the ISR corrected cross-section and the Born 
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cross-section in the case of signal diagrams (CC03) and for the complete semi-leptonic 
process (CCIO). While the difference peaks in the region cos^ > 0.8 it is almost 
constant in the other parts. Especially in the region of cos^ — > — 1 this leads to 
important effects, because the differential cross-section drops here significantly and the 
relative corrections amount to 30% for cos^ = — 1 [11]. 
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Figure 1: Differences between Bom cross-section and cross-section with initial state 
radiation. 

The numerical results of fig. 1 were produced with GENTLE and radiative corrections 
were treated as described in [5]. A short overview over GENTLE is given in appendix A. 

3 Anomalous Couplings 

The most general form for the 'jWW and ZWW vertices compatible with Lorentz 
invariance was first considered in [13], where 9 parameters were introduced for each 
vertex. In [14] it was shown that these parameters were not independent and the 
number could be reduced to 7. 

The number of parameters can be further reduced by using a restricted set of 
anomalous couplings, which is invariant under CV transformations. The anomalous 
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couplings are defined by the Lagrangian: 

- ie (cot + ^z) [Z^, {w-i'''W+ - W+^'^'W-) + Z^^W+^W"' 

- ieXjF^^.W+^W-" - iexzZ^^W+^'W-'' 

+ ie^F^'W^^W:^^ + ie^-Z^'W^^W:^>^ 

+ ^daZpJdpw-''w+'' - 

- d^W+'^W-") . (18) 

In the standard model the anomalous parameters Sz-, x^, Xz, y-y, yz, and Zz are zero. 
The parameter Zz violates both C and V symmetry, but is invariant under the product 
CV. The parameters x^ and y^ contribute to the magnetic dipole moment nw and the 
electromagnetic quadrupole moment qw of the W boson [15]: 

g 

I^W = TT^ ("^ + ^1 + Vi) ^ (19) 

g 

qw = 2~ (1 + - 1/7) . (20) 

With these additional parameters the cross-section for W pair production can be 
written as: 

+ • (7^^ + • cr^^ + . . . (21) 
+ • (t'^^^t + x^xz ■ a'^''''^ + x\ ■ (t''^^^ + . . . , 

where the anomalous parameters appear at most bilinearly. 

If one considers all anomalous couplings of eq. (18) 28 coefficients are needed to 
calculate a^"°. Eq. (21) can also be apphed to multi-differential cross-sections. In the 
search for anomalous couplings multi-differential cross-sections are used, since they 
contain more kinematical information [16]. 

GENTLE can be used to calculate the coefficients in eq. (21). This can be done for 
the differential cross-section and in the CC03 process also for the bin-wise integrated 
differential cross-section. By setting the number of bins to 2, one gets predictions for 
forward (cos 9 > 0) and backward (cos ^ < 0) scattering. A study of the sensitivity 
of the forward-backward asymmetry to pairs of anomalous couplings was performed 
for the pairs {x^,Sz) and {x^,,zz) in [11] and for {x^,xz) and {xz,zz) in [17]. The 
forward-backward asymmetry proved to be useful for studies which include the parity 
violating parameter zz- 
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4 Conclusions 



I gave a short report over the present state of GENTLE and the studies of differential 
cross-sections and anomalous couplings with it. It was shown that radiative corrections 
(initial state radiation) give sizeable effects to the differential cross-section at a center- 
of-mass energy of 500 GeV. This is especially important in the region of backward 
scattering, where the cross-section is small and the corrections are about 30%. 
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A GENTLE 

GENTLE version 2 is a Fortran package to calculate cross-sections for 4 fermion pro- 
duction processes for charged currents (CC) and neutral currents (NC) with the semi- 
analytical method. Table 1 gives an overview over the different branches of GENTLE 
and the publications they are based on. 



CC 


QED ISR total cross-section 
Background total cross-section 
Anomalous couplings 
Differential cross-section 


[18] 
[10] 

[11] 
[11] 


NC 


QED ISR total cross-section 
Background total cross-section 


[19] 
[20] 



Table 1: Overview over the different branches o/ GENTLE. 

While in GENTLE version 2 the calculation of the differential cross-section and the 
effects of anomalous couplings were only available for the signal diagrams, in the newer 
version 2.01 these features were extended to the complete CCll class. 
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